The friction coefficient is an important parameter in designing magnetic tape transports. We have introduced laser surface texturing to reduce the friction coefficient between guides and magnetic tape. The surface features enhance the formation of an air bearing and hence, reduce the friction coefficient.
INTRODUCTION
Lateral tape motion (LTM) is defined as the time-dependent motion of the tape, perpendicular to the tape transport direction. It is a friction related phenomenon that can cause track misregistration [1] . Although friction between tape and tape drive components was observed to attenuate lateral tape motion [2] , it is well known that tape drives with pressurized air bearing guides instead of rotating guides exhibit significantly lower LTM than tape drives with rotating guides [3] . Eliminating rotating tape drive components suppresses lateral tape motion due to run-out of those components. However, pressurized air bearing guides require an external compressor which is an obstacle for commercialization of this type of tape drive. This paper explores the possibility of creating an efficient low speed air bearing between a magnetic tape and a cylindrical guide, thereby expanding the speed range of low friction.
LASER SURFACE TEXTURING
Laser surface texturing (LST) is a well established technique [4] to create semi-spherical dimples on the surface of tribological components, by means of a material ablation process with a pulsed laser [5] . These dimples act as microhydrodynamic bearings, thereby creating a local pressure increase between the sliding surfaces. This, in turn, increases the load carrying capacity for such bearings and reduces the friction coefficient for a constant load. We have investigated laser surface texturing of magnetic tape guide surfaces in order to reduce tape/guide friction.
EXPERIMENTAL SET-UP
The experimental set up, shown in Fig. 1 , consists of a guide mounted on an adjustable speed DC-motor. A tape sample is positioned over the guide surface and is connected to a load cell that measures the tension 1 T at one end, while at the other end it is subjected to a known tension 2 T by a dead weight (see Fig. 1 a) ). The load cell is mounted on a sled that can slide in a circular groove to allow a variable wrap angle. Fig. 1 b) indicates the forces 1 
T and 2
T and the wrap angle θ .
The wrap angle was taken 90° for all experiments with MP tape and 45° for all experiments with ME tape. The measured force 1 T combined with the known "slack side" tension 2 T and the wrap angle θ enable calculation of the average friction coefficient f from the ratio 1 2 / T T and the classical belt/pulley equation, given e.g. in [6] ( )
Atomic force microscopy (AFM) scans were used to measure the surface roughness of the different guides. Using [7] , the values of Table 1 can be determined. Table 1 presents the average asperity tip radius r , the asperity density η , the standard deviation of asperity summit heights s σ (which is almost identical to σ , the asperity surface height [7] ), the ratio guides. The equivalent roughness parameters for two contacting rough surfaces [7] are also shown for eight different tape/guide combinations. These combinations are: a) ME tape in combination with the commercial tape drive guide (C1), b) MP tape in combination with the commercial tape drive guide (C2), c) ME tape in combination with a ceramic guide (C3), d) MP tape in combination with a ceramic guide (C4), e) ME tape and an aluminum anodized guide (C5), f) MP tape and an aluminum anodized guide (C6), g) ME tape and an LST guide (C7) and h) MP tape and an LST guide (C8).
We have compared the tribological performance of a commercial guide, coated with ZrN with an aluminum guide that was treated with LST, with a dimple density of 20%. Commercially available metal particulate (MP) and metal evaporated (ME) magnetic tapes were used for the tests. Fig. 2 summarizes the results for the experiments with MP tape. We have varied the nominal tape tension between 0.5 N and 1.2 N and observed similar behavior in terms of friction coefficient versus tape speed for all cases in that range. We also observed that the friction coefficient increased with increasing tape tension, in agreement with the results in [8] . From Fig. 2 we observe that for the case of the commercial guide (C2), the anodized guide (C6) and the LST guide (C8), the friction coefficient asymptotically approaches a very low value of approximately 0.075 (for the commercial guide), 0.01 (for the anodized guide) and 0.03 (for the LST guide), respectively. These low values are due to the formation of a (partial) air bearing at the tape/guide interface. We note that for the ceramic guide, the friction coefficient decreases only from 0.21 at 1 m/s to 0.16 at 8 m/s, i.e., full fluid lubrication is not reached in the speed range of our experiments. It is justifiable to assume that full fluid lubrication exists if the tape/guide spacing c is 3 s c σ ≥ [9] . Since the ceramic guide has a much rougher surface than the other guides (see Table 1) , it is more difficult to obtain full fluid lubrication with this guide.
EXPERIMENTAL RESULTS AND DISCUSSION Metal particulate tape
The dimples enhance the formation of an air bearing at low speeds and low tape/guide spacing since they increase the average pressure in the air bearing, compared to a non-textured guide surface. At higher speeds when full fluid lubrication has been established and the tape/guide spacing is larger, the influence of the dimples becomes less significant. Thus, at low speeds (boundary lubrication) the LST guide outperforms all other guides and has the lowest friction coefficient. 
Metal evaporated tape
In order to increase the recording density, tape manufacturers have introduced metal evaporated (ME) tape, where a high coercivity cobalt film is evaporated and deposited on the tape polymeric substrate in a vacuum chamber. The tribological performance and reliability of ME tape is inferior compared to MP tape [10] .
All guides of our test set-up stalled due to high stiction when attempting the same test parameters which were previously used with MP tape. To get a complete comparison of the tribological performance for the different guides with the ME tape, we decreased the tape tension to 0.7 N and lowered the wrap angle to 45° to reduce the friction force. Fig. 3 presents the results for the experiments with ME tape.
We observe from Fig. 3 that the ceramic guide (C3) has a high friction coefficient, which is a strong function of the tape speed. At 1 m/s the friction coefficient for this guide is almost 0.23, while at 8 m/s it is about 0.05, due to the formation of a (partial) air bearing. The friction coefficient of the commercial guide (C1) approaches 0.05 at 2 m/s and is about 0.13 at 1 m/s. The LST (C7) and anodized (C5) guides are similar at speeds higher than 3 m/s, with a friction coefficient approaching 0.01.
In the boundary lubrication regime, the LST guide yields a remarkably low friction coefficient because of its dimpled surface and increased air bearing pressure. This very promising result indicates that the use of ME tape in high performance commercial tape drives could possibly be facilitated with the use of LST guides in the tape path. The friction coefficient of the LST guide depends less on speed than any of the other tested guides. This is true for both ME and MP tapes. This phenomenon is highly desirable in commercial tape drives since the interaction of the magnetic tape with other tape drive components does not change while the drive is ramping up to Commercial/ME (C1) Ceramic/ME (C3) Anodized/ME (C5) LST/ME (C7) C3 C5 C1 C7 operating speed or ramping down to standstill. Hence, the number of start/stop cycles would not affect the wear of the tape, since the friction coefficient is independent of the speed. It should be noted, however, that a direct comparison between Fig. 2 and Fig. 3 must be made with care since the experiments of Fig. 3 were conducted under modified conditions (45° wrap angle and 0.7 N tape tension), i.e., stiction effects were eliminated by reducing the friction force between tape and guide. CONCLUSION 1. Laser Surface Textured (LST) guides reduce the friction coefficient between tape and guide, compared to tested commercial and ceramic guides. 2. LST reduces the influence of speed on the friction coefficient. The critical speed where boundary lubrication regime changes into full fluid lubrication decreases significantly for LST guides. 3. Metal evaporated (ME) tape was used successfully in combination with an LST guide at a nominal tape tension of 0.7 N, and wrap angle of 45° even at a tape speed as low as 1 m/s. At this low speed the ME tape tends to "stick" to all other guides (anodized, commercial and ceramic). 
